Pressure effect on magnetic susceptibility of LaCoO3 by Panfilov, A. S. et al.
ar
X
iv
:1
80
1.
01
32
5v
1 
 [c
on
d-
ma
t.s
tr-
el]
  4
 Ja
n 2
01
8
Pressure effect on magnetic susceptibility of LaCoO3
A.S. Panfilov,1, ∗ G.E. Grechnev,1, † I.P. Zhuravleva,1 A.A. Lyogenkaya,1 V.A.
Pashchenko,1 B.N. Savenko,2 D. Novoselov,3,4 D. Prabhakaran,5 and I.O. Troyanchuk6
1B. Verkin Institute for Low Temperature Physics and Engineering,
National Academy of Sciences of Ukraine, 61103 Kharkov, Ukraine
2Joint Institute for Nuclear Research, 141980 Dubna, Russia
3M.N. Mikheev Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, 620108 Yekaterinburg, Russia
4Ural Federal University, 620002 Yekaterinburg, Russia
5Department of Physics, University of Oxford, OX1 3PU, Oxford, Great Britain
6Scientific-Practical Material Research Center, National Academy of Sciences of Belarus, 220072 Minsk, Belarus
The effect of pressure on magnetic properties of LaCoO3 is studied experimentally and theo-
retically. The pressure dependence of magnetic susceptibility χ of LaCoO3 is obtained by precise
measurements of χ as a function of the hydrostatic pressure P up to 2 kbar in the temperature
range from 78 K to 300 K. A pronounced magnitude of the pressure effect is found to be negative in
sign and strongly temperature dependent. The obtained experimental data are analysed by using
a two-level model and DFT+U calculations of the electronic structure of LaCoO3. In particular,
the fixed spin moment method was employed to obtain a volume dependence of the total energy
difference ∆ between the low spin and the intermediate spin states of LaCoO3. Analysis of the
obtained experimental χ(P ) dependence within the two-level model, as well as our DFT+U calcula-
tions, have revealed the anomalous large decrease in the energy difference ∆ with increasing of the
unit cell volume. This effect, taking into account a thermal expansion, can be responsible for the
temperatures dependence of ∆, predicting its vanishing near room temperature.
PACS numbers: 71.20.Eh, 75.30.Mb, 75.80.+q
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crossover
INTRODUCTION
The cobalt oxides are of growing interest since the dis-
covery in them of a giant magnetoresistance, a large ther-
moelectric effect, a large value of the Hall effect, and
anomalous magnetic properties. Their peculiar physi-
cal properties partially originate from a rich variety of
the valence and spin states of Co ions. The Co3+ ions
in the LaCoO3 compound and in the rare-earth RCoO3
cobaltites have an electronic 3d6 configuration, and these
ions can be in low-spin (LS, S=0), intermediate spin (IS,
S=1) and high-spin (HS, S=2) states. The energy gap
between these states can be quite small and the spin state
can vary with temperature. This leads to a significant
change in electric, magnetic, and transport properties of
RCoO3 compounds [1–3].
Lanthanum cobalt oxide LaCoO3 exhibits intriguing
magnetic and thermoelectric properties, also semicon-
ducting and metallic electrical conductivity. The experi-
mental and theoretical studies of electronic and magnetic
properties of LaCoO3 have been carried out by many
groups (see e.g. Refs.[1–3] and references therein). How-
ever, a detailed understanding of the magnetic properties
observed in the LaCoO3 compound is still missing. In the
recent years numerous experimental [4–12] and theoreti-
cal [13–21] studies performed for LaCoO3 have given con-
tradictory results, and scenario of transition between the
magnetic states of Co3+ ion with temperature (low-spin
⇒ high-spin or low-spin ⇒ intermediate-spin ⇒ high-
spin) remains unclear.
To solve this problem, it is necessary to shed more light
on the nature of magnetic states in LaCoO3, which ap-
pear to be very sensitive, in particular, to the volume
changes. Therefore, one can expect, that the spin state
transitions can be influenced by varying the pressure.
Actually, the most direct indicator of the spin state of
cobalt ions is the magnetic susceptibility behaviour. This
gives us a direction to investigate the pressure effect on
magnetic properties of LaCoO3 using experimental and
theoretical tools in order to elucidate the mechanism of
transitions between the magnetic states of Co3+ ions.
The first and apparently the only study of magnetic
susceptibility under pressure in LaCoO3 [22] has revealed
a large and strongly temperature-dependent negative ef-
fect. Later the related results for LaCoO3 were obtained
from measurements of the volume magnetostriction [23].
However, the comparison of the magnetostriction data
[23] with the results of direct measurements of magnetic
susceptibility under pressure [22] shows their significant
quantitative discrepancy, which motivates further study
of magnetovolume effects in this compound.
In this paper, we carried out experimental studies of
the influence of hydrostatic pressure on magnetic sus-
ceptibility of LaCoO3 at temperatures from T = 78 to
300 K. The obtained experimental data are analyzed by
using a two-level model [4, 24] and DFT+U calculations.
In particular, the fixed spin moment method [25] was em-
ployed to obtain a volume dependence of the total energy
20 100 200 300 400
0
1
2
3
4
5
LaCoO3
10
3  e
m
u/
m
ol
)
T (K)
FIG. 1: Temperature dependence of magnetic susceptibility
of LaCoO3: ◦ – as measured data, × – after subtracting a
low temperature Curie-Weiss term (see text, for details)
difference between the LS, IS and HS states of LaCoO3.
EXPERIMENTAL DETAILS AND RESULTS
The LaCoO3 single crystal was grown by the floating
zone method [26] and its single phase and the rhombohe-
drally distorted perovskite type structure were confirmed
by structural analysis. For additional characterization
of the sample, the temperature dependence of its mag-
netic susceptibility χ(T ) was measured in the tempera-
ture range of 2–400 K and a magnetic field of 1 T, using
a Quantum Design SQUID magnetometer. The obtained
temperature dependence (Fig. 1) shows a pronounced
maximum at Tmax ≃ 105 K and appears to be in agree-
ment with the results of previous studies [24, 26–28]. At
low temperature, the Curie-Weiss-like contribution was
observed, χCW = C/T + χ0, with C ≃ 10.4 × 10
−3
K·emu/mole and χ0 ∼ 0.3× 10
−3 emu/mole. Here C/T
term implies a number of paramagnetic impurities and
χ0 is the temperature-independent host contribution. In
addition, it should be noted that because of a negligible
magnetic anisotropy in LaCoO3 [26], the magnetic field
direction can be arbitrarily chosen relative to the crys-
tallographic axes.
The measurements of the uniform pressure effect on
magnetic susceptibility of LaCoO3 were carried out un-
der helium gas pressure P up to 2 kbar, using a pendu-
lum type magnetometer [29]. The sample was cut in the
shape of parallelepiped with dimensions of 3× 3× 2 mm
and a mass of 0.125 grams. It was placed inside a small
compensating coil located at the lower end of the pen-
dulum rod. Under switching on magnetic field, the value
of current through the coil, at which the magnetometer
comes back to its initial position, is the measure of the
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FIG. 2: Pressure dependence of magnetic susceptibility of
LaCoO3, normalized to its value at P = 0, at different tem-
peratures
sample magnetic moment. To measure the pressure ef-
fects, the pendulum magnetometer was inserted into a
cylindrical non-magnetic pressure cell, which was placed
inside a cryostat. In order to eliminate the effect on sus-
ceptibility of the temperature changes during applying or
removing pressure, the measurements were performed at
fixed temperatures in the range between 78 and 300 K.
The relative errors of measurements of χ under pressure
did not exceed 0.1% for employed magnetic field H = 1.7
T.
The experimental χ(P ) dependencies, normalized to
the value of χ at zero pressure, are presented in Fig. 2. As
seen in Fig. 2, there is a pronounced decrease of χ under
pressure, which is linear within experimental errors. The
corresponding values of the pressure derivative d lnχ/dP
are listed in Table I together with the values of χ at
P = 0.
TABLE I: Magnetic susceptibility χ of LaCoO3 at P = 0 and
its pressure derivative d lnχ/dP at different temperatures.
T (K) χ (10−3 emu/mol) d lnχ/dP (Mbar−1)
78 4.06 −100± 5
110 4.36 −56.7± 3
150 4.12 −34.7± 1.5
300 2.87 −12± 0, 5
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FIG. 3: Spin resolved density of electronic states for LS con-
figuration of LaCoO3 [in states/(spin·eV)]. The Fermi level is
indicated by a vertical dashed line.
COMPUTATIONAL DETAILS AND RESULTS
It has been established, that DFT-LSDA approxima-
tion predicts an incorrect ground state of LaCoO3 [30–
32]. To go beyond the DFT-LSDA, the DFT+U method
has been employed and basically provided the semicon-
ducting ground state of LaCoO3 at ambient conditions
(see e.g. [13–16, 21]).
The present calculations of volume-dependent elec-
tronic structure for LaCoO3 were performed using the
linearized augmented plane wave method with a full
potential (FP-LAPW, Elk implementation [33]). We
also compared the FP-LAPW results on many occasions
with the calculations performed by using the Quantum-
Espresso code [34, 35]. We have used the projector-
augmented wave (PAW) potentials [36, 37], which are
for direct use with the Quantum Espresso code.
The DFT+U approach was employed within the gener-
alized gradient approximation (GGA) for the exchange-
correlation functional [38]. The effective Coulomb re-
pulsion energy Ueff = U − J =2.75 eV was adopted for
Co3+ ions according to Refs. [16, 21], where such value
of U ≡ Ueff has provided the correct ground-state.
The calculated density of electronic states (DOS) for
the ground state of LaCoO3 is shown in Fig. 3. Our
DFT+U calculations have provided the paramagnetic
ground state with a band gap about 0.5 eV, which is close
to the experimental value [39]. For this low-spin state of
Co3+, the valence band is composed by the Co t2g states
and 2p orbitals of oxygen, whereas the conduction band
is formed by the eg states of Co. For the low-spin con-
figuration the basic features of calculated here electronic
structure of LaCoO3 are in agreement with results of pre-
vious calculations [15, 16, 21]. We have also calculated
the volume dependence of the total energy E(V ), and
obtained the theoretical equilibrium volume Vth ∼= 56 A˚
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FIG. 4: Fixed moment calculation of the total energy for
LaCoO3 at the theoretical equilibrium volume. The energies
are given relative to the LS state.
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FIG. 5: Spin resolved density of electronic states for IS con-
figuration of LaCoO3 [in states/(spin·eV)]. The Fermi level is
indicated by a vertical dashed line.
per formula unit of LaCoO3. This theoretical volume
appeared to be slightly larger (about 1.5%) than the ex-
perimental volume at T=5 K (see Ref. [40]), presumably
due to the employed GGA+U approach.
In order to shed light on magnetic properties of
LaCoO3 we have employed the fixed spin moment (FSM)
method [25]. It was demonstrated (see e.g. Ref. [41]),
that FSM method can provide valuable information
about metastable magnetic phases. By this way we cal-
culated the total energy of LaCoO3 as a function of the
magnetic moment per formula unit. The results of these
fixed spin moment calculations are shown in Fig. 4.
One can see clear minimum in the E vs. M curve with
magnetic moment of 2 µB, presumably corresponding to
the intermediate-spin state of Co3+ ion in LaCoO3. Ac-
cording to our FSM calculations, the high-spin state of
LaCoO3 (S = 2 of Co
3+ ion) appeared to be about 1 eV
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FIG. 6: Calculated volume dependence of the total energy
difference between the IS and the LS states of LaCoO3. The
arrow indicates the theoretical volume.
higher in energy than the LS state. These results prove
that the transition from nonmagnetic to magnetic state
in LaCoO3 actually takes place between LS and IS states.
It is remarkable that the minimum in Fig. 4 is situated
energetically only 25 meV above the LS state. For this IS
state of LaCoO3 the spin subbands are split and partly
overlapped, as can be seen in Fig. 5. Therefore our calcu-
lated ferromagnetic IS state appeared to be half metallic,
though the value of DOS at EF is rather small, and the
conduction and valence bands in fact touch each other.
We have also calculated the volume dependence of
the total energy difference between IS and LS states of
LaCoO3, ∆ = EIS − ELS, which is presented in Fig. 6.
This volume dependence corresponds to substantial in-
crease of ∆ under pressure, and also indicates a possibil-
ity of the spin states crossover under thermal expansion.
DISCUSSION
The unusual temperature dependence of magnetic sus-
ceptibility χ(T ) in LaCoO3 is commonly assumed to be
caused by a temperature driven transition of the Co3+
ions from the non-magnetic low spin state LS to a mag-
netic state: either intermediate spin, IS, or high spin,
HS, state. As was shown in Ref. [24], the Co ions con-
tribution to susceptibility, χCo(T ), at least up to 300 K,
can be successfully described within LS→IS scenario by
the expression for the two-level system [4, 24] with the
energy difference ∆ for these two states:
χCo(T ) =
NAg
2µ2BS(S + 1)
3kBT
× w(T ) ≡
C
T
× w(T ). (1)
Here the multiplier C/T describes the Curie susceptibil-
ity of the excited state supposing a negligible interaction
between the Co3+ moments; NA is the Avogadro num-
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FIG. 7: Temperature dependencies of the population of ex-
cited state, w(T ), and of the energy difference, ∆, between IS
and LS states
ber, µB the Bohr magneton, kB the Boltzmann constant,
g the Lande factor and S the spin number. The multiplier
w(T ) is the population of the excited state expressed by
w(T ) =
ν(2S + 1)e−∆/T
1 + ν(2S + 1)e−∆/T
, (2)
where 2S+1 and ν are the spin and orbital degeneracy of
the excited state, respectively, and the energy difference
between the excited and ground states, ∆, is in units of
temperature T .
Note that according to the approach used, the be-
haviour of χCo(T ) is determined by the single parameter
∆ and its variation with temperature. Then dependence
∆(T ), which satisfies the experiment, can be estimated
from Eq. (2) as
∆(T ) = T ln
[
ν(2S + 1)
1− w(T )
w(T )
]
. (3)
To analyze the experimental data on χCo(T ), we used the
appropriate values of the model parameters: g = 2, S = 1
and ν = 1 (the latter supposes that orbital degeneracy
of IS state is lifted due to local distortions of the crystal
lattice).
Using the experimental data on χCo(T ), we have eval-
uated within Eqs. (1) and (3) temperature dependencies
of the excited state population, w(T ), and of the energy
difference ∆(T ), which are presented in Fig. 7.
It should be noted, that the obtained temperature de-
pendence of the population of excited state, w(T ), ap-
peared to be in a qualitative agreement with the results
of combined analysis of X-ray powder diffraction (XPD)
and high-resolution extended X-ray absorption fine struc-
ture (EXAFS) for LaCoO3 in Refs. [11, 12], and also X-
ray magnetic circular dichroism (XMCD) measurements
on LaCoO3 single crystal [9]. Specifically, in the temper-
ature range from ∼ 50 to 300 K the thermally induced
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FIG. 8: Temperature dependence of the pressure derivative
dχ/dP in LaCoO3: (•) is the experimental data of the present
work, (◦) the indirect data resulted from volume magne-
tostriction study [23]. The solid line is the model description
using Eq. (4) (see text, for details)
spin-state transition was reported with a gradual growth
of the IS state fraction of Co3+ ions, while a substan-
tial fraction of Co3+ ions remains in the LS state up to
temperatures about 150 K.
As one can see, there is a noticeable decrease in ∆(T )
with increasing temperature from ∆ ≃ 165 K at T =
0 K to ∆ = 0 at T ≃ 250 K. The obtained data on
temperature dependence of ∆ are close to that reported
in Ref. [15].
To analyse the pressure effect data within Eqs. (1) and
(2), we can estimate a pressure derivative of the magnetic
susceptibility, dχ/dP , which is given by
dχ(T )
dP
≃
dχCo(T )
dP
= −χCo(T )
[
1
T
−
χCo(T )
C
]
d∆
dP
. (4)
The obtained experimental data on dχ/dP are shown
in Fig. 8 and appeared to be in agreement with the re-
lated data from measurements of volume magnetostric-
tion in LaCoO3 [23]. This set of data can be fairly de-
scribed by Eq. (4) (solid line in Fig. 8) using the fitting
value d∆/dP = +12 K/kbar.
Note that the strong increase of ∆ under pressure im-
plies a substantial temperature dependence of this pa-
rameter due the change in volume via thermal expansion.
The corresponding effect in ∆ can be approximately es-
timated as:
δ∆ = ∆(T )−∆(0) ≈
∂∆
∂ lnV
×
V (T )− V (0)
V (0)
, (5)
where ∂∆/∂ lnV = −B × ∂∆/∂P , B is the bulk mod-
ulus. Using the values B ∼ 1.35 Mbar (average value
of B ≃ 1.22 Mbar [42] and 1.5 Mbar [43]), (V (300 K) −
V (0))/V (0) ∼ 0.015 [40] and ∂∆/∂P ≃ 12×103 K/Mbar
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FIG. 9: Temperature dependence of the pressure derivative
dχ/dP in LaCoO3: (•) are the experimental data on the
hydrostatic pressure effect of this work, (△) the estimated by
Eq. (7) the chemical pressure effect (see text, for details)
(this work), we obtain a rough estimate of δ∆ at T = 300
K to be about −240 K, which is in a reasonable agree-
ment with ∆(T ) dependence in Fig. 7.
It should be noted that some improvement of the model
description can be obtained by taking into account i) a
temperature dependence of elastic properties [45], ii) a
possible manifestation of the interaction between Co3+
moments in the excited IS state and iii) a contribution
of HS state at higher temperatures range, which are not
considered in the present analysis. Nevertheless, we pre-
sume that improvements of the model will not lead to
noticeable changes in the obtained parameters:
∆ ≃ 165 K at T = 0 K, d∆/dP ≃ 12 K/kbar. (6)
We note that our estimate of d∆/dP appeared to be
close to the reported value of the chemical pressure effect
on ∆, d∆/dP ∼ 10 K/kbar, resulted from analysis of the
magnetic properties of La1−xPrxCoO3 system at low con-
centrations x [44]. In addition, the experimental results
on concentration dependencies of Co3+ ions contribution
to χ, χCo(x), and lattice cell volume, V (x), for the iso-
structural compounds La1−xPrxCoO3 (0 ≤ x ≤ 0.3) [44]
allow to evaluate the chemical pressure effect on magnetic
susceptibility of LaCoO3 as:
dχ(T )
dP
≃
dχCo(T )
dP
=
∂χCo(T )
∂x
(
−B
∂ lnV
∂x
)−1
. (7)
Here we used the experimental data on χCo(T ), the value
∂ lnV/∂x ≃ −0.03 of Ref. [44] and the bulk modulus
value B = 1.35± 0.15 Mbar. The resulting estimates of
the derivative of magnetic susceptibility with respect to
the chemical pressure for arbitrarily chosen temperatures
in the range 78− 300 K are shown in Fig. 9. As is seen,
these estimates reasonably agree with the experimental
data on the hydrostatic pressure effects in LaCoO3.
6Finally it should be noted, that theoretical studies of
the volume dependence of ∆ also show a positive pres-
sure effect. However the estimated from data of Ref. [13]
values of both d∆/dP and ∆ itself appear to be an or-
der of magnitude higher than the experimental results
of the present work. On the other hand, our DFT+U
calculations have provided the values ∆(0) ≃ 230 K and
d∆/dP ≃ 22 K/kbar, which appeared to be in much
better agreement with that obtained from the present
experiments.
As it has been demonstrated, the experimental data on
the pressure effect in magnetic susceptibility of LaCoO3,
as well as its χ(T ) dependence at ambient pressure, are
satisfactorily described at low and moderate tempera-
tures within LS→IS scenario by the two-level system
model with energy splitting ∆. This gives an evidence of
the applicability of the approach used to describe mag-
netic properties of LaCoO3 and related RCoO3 com-
pounds at least up to room temperature.
CONCLUDING REMARKS
In summary, the results of our study of the hydrostatic
pressure effects on magnetic susceptibility of LaCoO3,
combined with the related literature data on volume
magnetostriction [23], have been consistently described
within the approach of a thermal population of the IS
state of the Co3+ ions. We analysed our data using a
simple two-level model [4, 24] and revealed the anoma-
lous large increase in the energy difference ∆ between LS
and IS states with increasing pressure.
The estimated magnitude of this effect is in a reason-
able agreement with the results of present DFT+U cal-
culations of the volume dependence of ∆. Our results
are also consistent with the literature data on manifesta-
tion of the pressure-induced continuous depopulation of
the IS state in the behaviour of the physical properties
of LaCoO3 under high pressures (see Refs. [43, 46]).
In addition, the established similarity of the effects of
physical and chemical pressures on ∆ and χ allows to
conclude that the spin state of Co3+ ions in LaCoO3 and
related RCoO3 cobaltites is predominantly governed by
the interatomic spacing variations.
Finally, it should be noted that in recent works (see
e.g. [5, 7, 8, 10, 18, 19]) there were attempts to revive
the LS–HS scenario, and the problem of the true spin
state transitions in LaCoO3 is still a subject of debate.
In this connection, however, one should take into consid-
eration the results of recent XPD and EXAFS diffraction
studies [11, 12] on polycrystalline LaCoO3 samples. It
was found that certain amount of Co3+ ions in the HS
state are located predominantly within the surface layer
of the crystallines, and this effect can be explained by
influence of structural defects due to oxygen vacancies
and distorted chemical bonds at the boundary of powder
grains.
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